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try, consider the implications for avian sex determination, 
and discuss the possible biological reasons why many birds 
have adopted a single-ovary system.  © 2014 S. Karger AG, Basel 
 Vertebrates display a superficial bilateral symmetry, a 
basic body plan in which the left and right sides form mir-
ror images across the midline, but internally most organs 
develop and locate asymmetrically [Wolpert, 2005]. 
These include the heart, spleen and stomach, and also bi-
lateral organs such as lungs and kidneys which differ in 
appearance or position on the right and left sides. Later-
alisation also affects the structure and the function of the 
brain hemispheres, generating a spectrum of asymmetric 
behaviours specific to different vertebrates (e.g. handed-
ness in humans) [Vandenberg and Levin, 2013]. To add 
to the complexity, some tissues which develop symmetri-
cally, such as the somites, do so despite the expression of 
left:right (L:R) determinants, because the asymmetry is 
overridden by retinoic acid (RA) signalling [Vermot and 
Pourquie, 2005; Duester, 2007; Vilhais-Neto et al., 2010].
 In recent years, enormous progress has been made in 
understanding the molecular and developmental basis of 
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 Abstract 
 Although vertebrates display a superficial bilateral symme-
try, most internal organs develop and locate with a consis-
tent left:right asymmetry. There is still considerable debate 
as to when this process actually begins, but it seems that, at 
least for some species, the initial steps occur at a very early 
stage of development. In recent years, a number of model 
systems, including the chick embryo, have been utilised to 
increase our understanding of the molecular basis of this 
complex developmental process. While the basic elements 
of asymmetry are clearly conserved in chick development, 
the chick embryo also exhibits an additional unusual asym-
metry in terms of the development of the gonads. In the fe-
male chick embryo, only 1 gonad and accessory structures 
fully develop, with the result that the adult hen has only 1 
ovary and a single oviduct – both on the left side. With a 
small number of exceptions, this is a consistent feature of 
avian development. Here, we describe the morphological 
development and molecular basis of this unusual asymme-
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L:R asymmetry. This complex process involves multiple 
steps including: orientation of the cytoskeleton, the redis-
tribution of morphogens, L:R transcription of asymmetry 
genes and, finally, asymmetric organogenesis [Levin, 
2005; Raya and Izpisua Belmonte, 2006; Vandenberg and 
Levin, 2013]. There is considerable debate as to when this 
process begins. If the anterior:posterior and dorsal:ventral 
axes are apparent, it is possible to say which side of an 
embryo will be left or right, but markers of L:R asymmetry 
could develop independently and precede or follow these 
other axes. It is often assumed that the initial steps occur 
at gastrulation/node formation; however, it seems that, at 
least for some species, the first steps occur at a much ear-
lier stage of development [Vandenberg and Levin, 2013].
 The chick embryo is amongst a number of model sys-
tems that have been utilised to establish our basic under-
standing of L:R asymmetry in vertebrates. While the basic 
elements are clearly conserved in this model, the chick 
also exhibits an unusual asymmetry in terms of the devel-
opment of the gonads. This is most obviously manifested 
in the adult female that has only a single ova-producing 
ovary and a single oviduct, both originating from primor-
dia on the left side of the embryo. Although this condition 
is frequently ascribed to ‘birds’ en masse, and is true for 
most birds, species from at least 16 of the >35 orders of 
birds do have 2 ovaries [Gunn, 1912; Shaw, 1938; Kinsky, 
1971].
 Here, we describe in detail the L:R morphological de-
velopment of the embryonic chick gonads, consider the 
molecular basis of this unusual asymmetry, and discuss 
the possible biological reasons why many birds have
adopted a single-ovary system.
 Morphology 
 In chick embryos, as in mammalian embryos, the go-
nads arise as a thickening of the coelomic epithelium 
which forms a ridge running in an anterior:posterior ori-
entation on the ventral surface of each mesonephros 
(primitive kidney). Gonadogenesis begins at around 72 h 
of development (Hamburger Hamilton (HH) develop-
mental stage 23) [Hamburger and Hamilton, 1951], but 
the genital ridges are not macroscopically evident until 
HH26 when both are approximately 1.5 mm in length 
and 0.1 mm wide ( fig. 1 a) [Swift, 1915; Romanoff, 1960; 
Carlon and Stahl, 1985]. As development proceeds, the 
morphological appearance of the gonads is initially simi-
lar in males and females (HH28), but by HH36, the go-
nads in males and females are distinctly different. The 
right and left testes become tubular structures, approxi-
mately 3 mm long and 0.5 mm wide, and while the right 
female gonad is similar in appearance but slightly smaller 
than the testes in males, the left female gonad has ac-
quired a broader, flatter appearance and is markedly larg-
er at approximately 3.2 mm long and 0.8 mm wide 
( fig.  1 b–h). Throughout embryonic development, male 
and female gonads continue to increase in size and im-
mediately prior to hatching both testes are approximate-
ly 5 mm long and 1.5 mm wide, while in the female the 
right gonad is around 2.6 mm by 0.5 mm and the left, 
which is clearly an ovary, is 8 mm by 1.5 mm. The physi-
cal growth of the gonads between HH36 and HH44 is re-
flected by increases in wet weight and RNA content 
( fig. 1 i–l).
 In the initial stages of gonadogenesis, the epithelial 
ridge is composed of columnar cells that overlie tissue 
that lacks the typical nephron structure characteristic of 
the underlying mesonephros and that is instead com-
posed of clusters of epithelial-like cells embedded in mes-
enchyme [Carlon and Stahl, 1985]. By HH25, the ‘genital 
ridges’ protrude into the coelomic cavity as distinct or-
gans and comprise a pseudo-stratified columnar epithe-
lium (the germinal epithelium) covering a central core 
(the medulla) organised into epithelial cords. The origin 
of these so-called primitive sex cords, which are also ap-
parent in some mammals such as humans, but not the 
mouse, is still unclear. Some studies indicate the germinal 
epithelium as a source, while others suggest that they are 
of mesonephric origin [Stahl and Carlon, 1973; Mer-
chant-Larios et al., 1984; Rodemer-Lenz, 1989; Sekido 
and Lovell-Badge, 2007]. At this point, both male and fe-
male gonads already display a L:R morphological asym-
metry, with the epithelial layer on the left gonad thicker 
than that on the right [Carlon and Stahl, 1985] ( fig. 2 ). 
This asymmetric feature is maintained in both sexes at the 
time of gonadal sex determination (thought to be around 
HH27–28). By HH29, the epithelium surrounding the 
right gonad flattens and adopts a more squamous-like ap-
pearance, further emphasising the L:R asymmetry in both 
sexes [Carlon and Stahl, 1985]. As gonadal sex differen-
tiation progresses, the morphological differences be-
tween left and right gonads in the female become more 
pronounced, while the asymmetry between male gonads 
diminishes ( fig. 1 c–h,  2 ). By HH36, both left and right 
testes have a similar organisation: a thin flat simple epi-
thelium overlaying a core organised into well-defined 
branched tubular structures. These branched structures 
are designated sex cords or testis cords and comprise 
germ cells and differentiating Sertoli cells encased within 
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a basement membrane ( fig. 3 b–d). In contrast, the overall 
structure of left and right ovaries is clearly different and 
these differences are largely confined to the outer epithe-
lial layer ( fig. 3 a). While the right ovary, like the testes, is 
surrounded by a thin flat simple epithelial layer, the left 
ovary is enclosed in a thick sheath of stratified epithelial-
like cells, known as the cortex ( fig. 2 ,  3 a) [Romanoff, 
1960]. The medulla has a similar organisation in both 
ovaries with irregular disorganised cords of epithelial-
like cells and vesicular structures known as lacunae. By 
HH39, most of the cells of the cortex are organised into 
cord structures around groups of germ cells and these 
‘secondary’ cords extend into the medullary region [Gon-
zalez-Moran, 2011].
a
b
c
e
g h
f
d
i j
k
l
 Fig. 1. Gross morphology of the developing chick gonads.  a–j Ven-
tral view of gonads and mesonephroi from day 4.5 (HH26) to day 
18.5 (HH44) of development. Left and right gonads are indicated 
by black and blue asterisks, respectively. Left gonads are larger 
than right gonads in both sexes in the early period ( b–f ). In the 
later stages of development, the left gonad is larger than the right 
only in females ( g–j ). Adrenal glands (red +) are clearly visible in 
the later developmental stages. Size of bars = 1 mm.  k Total RNA 
content and wet weight of male and female left and right gonads 
increase between day 10.5 (HH36) and day 18.5 (HH44). Histo-
grams represent mean values of at least 3 pools of 10 individual 
gonads.  l Graph illustrating changes in gonadal size between day 
4.5 (HH26) and day 10.5 (HH36) of embryonic development. Ap-
proximate gonadal dimensions are calculated on the basis of the 
length and width at mid-point of individual gonads (L × W). 
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 The L:R asymmetry associated with the embryonic go-
nads is not confined to the somatic component. There is 
also a clear L:R asymmetry in the distribution of the germ 
cells ( fig. 4 ). As early as HH15, the number of primordial 
germ cells (PGC) in the intermediate mesoderm in the 
area beneath the forming ridges, was found to be consis-
tently and significantly higher on the left than on the right 
in both sexes with an approximately 3: 2 L:R split by HH17 
[Nakamura et al., 2007]. This trend persists and accentu-
ates during the colonisation of the genital ridge so that in 
both sexes, the left gonad contains more germ cells than 
the right ( fig. 4 a). This asymmetry has been observed in 
the chick and other birds (e.g. quail and duck) [Van Lim-
borgh, 1968; Didier and Fargeix, 1976; Bergeaud et al., 
1977; Dubois and Cuminge, 1978; Nakamura et al., 2007; 
Intarapat and Stern, 2013]. There is evidence that in the 
chick, as in the mouse, PGC colonisation of the gonads is 
driven by chemoattractants secreted by the gonadal me-
soderm [Molyneaux et al., 2003; Stebler et al., 2004]. So it 
is possible that the unequal L:R distribution of germ cells 
is simply due to a L:R asymmetry in the level of gonadal 
chemokines – a hypothesis first suggested by very early 
studies on germ cell migration [Witschi, 1935; Baillie et 
al., 1966; Dubois, 1968]. Interestingly, it has been report-
ed that between HH22 and HH26 in chick, well before 
gonadal sex determination, this asymmetry is more pro-
nounced in females than in males with an approximately 
4: 1 and 2: 1 L:R split, respectively, indicating that at least 
some sex-specific differences are present before the ac-
cepted time of sex determination [Van Limborgh, 1968]. 
Moreover, unlike the situation in mammals, the germ 
cells are not initially distributed throughout the genital 
ridges, but are mostly localised close to the epithelium in 
the left and in the right gonad in both females and males 
(around 70–85%) [Van Limborgh, 1968]. However, by 
HH30 this situation persists only in the left female gonad, 
while the germ cells become randomly distributed 
throughout the right female gonad and throughout both 
left and right male gonads ( fig. 4 a).
 This particular asymmetry is maintained into the later 
stages of ovary development (HH44) so that in the left 
ovary, the germ cells are found predominately in the cor-
tex, and in the right ovary, a smaller number of germ cells 
appear to be randomly distributed throughout the core 
region. In the male, similar numbers of germ cells are lo-
cated in the sex cords of both right and left testes ( fig. 4 b).
 A number of studies have followed the fate of germ 
cells in the period immediately prior to hatching. It has 
been proposed that the germ cells of the right embryonic 
ovary are lost by cell death or cell abandonment based on 
the identification of apoptotic germ cells and of germ cells 
within the lacunae [Ukeshima and Fujimoto, 1991; Uke-
shima, 1994, 1996]. However, a more recent study [Gon-
zalez-Moran, 2011] reports that the total number of germ 
cells in the right ovary increases up to the point of hatch, 
suggesting that any loss is compensated for by germ cell 
proliferation. The same study found that the number of 
germ cells in the medulla of the left ovary decreases after 
HH38–39 indicating a progressive elimination during the 
second half of embryogenesis [Gonzalez-Moran, 2011]. It 
 Fig. 2. Development of gonadal epithelium in embryonic chick 
gonads. Sections through female and male chick gonads immu-
nostained for fibronectin (FBN) and the germ cell marker VASA, 
and stained with the nuclear marker Hoechst. Images illustrate the 
relative thickness of the surface epithelial layer in left and right, 
male and female gonads at day 5.5 (HH28) and day 7.5 (HH32) of 
development. The epithelial layer is thicker on the left than on the 
right gonad in both sexes at the stages illustrated. Cortex formation 
is obvious in the left female gonad at HH32. Location of epithelial 
layers is indicated by position of the asterisk ( * ) and approximate 
thickness is indicated by the size of the bracket ({). Size of bars = 
100 μm. 
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is also noteworthy that, by HH41–42, most of the cortical 
germ cells of the left ovary have entered meiosis [Hughes, 
1963; Ukeshima and Fujimoto, 1991; Smith et al., 2008a; 
Yu et al., 2013]. At this time, medullary germ cells of both 
female gonads do not possess the typical morphology of 
meiotic cells, nor do they express typical leptotene pro-
teins, such as SCP3 [Ukeshima and Fujimoto, 1991; Smith 
et al., 2008a], suggesting that germ cells in the medulla 
either never enter meiosis, or are delayed in doing so. By 
4 weeks post-hatch, the medulla in both left and right fe-
male gonads has lost all germ cells and is organised into 
large compacted cords with much reduced lacunar chan-
nels [Gonzalez-Moran, 2011].
 The right female gonad does not develop into a func-
tional ovarian structure in the adult and is considered to 
eventually atrophy. However, the removal of the left ova-
ry in the young chick results in the differentiation of the 
right gonad into a testis-like organ [Groenendijk-Huij-
bers, 1965, 1967], indicating that the right gonad is not 
completely lost, and there is evidence suggesting that the 
right ovary can maintain a steroidogenic function [Nar-
baitz and Kolodny, 1964; Samar et al., 1983].
a
b
c
d
 Fig. 3. Sex-specific differentiation of the embryonic chick gonads. 
Sections through female and male chick gonads immunostained 
for sexually dimorphic markers and stained with the nuclear mark-
er Hoechst.  a Female chick gonads between day 5.5 (HH28) and 
18.5 (HH44) of development immunostained for laminin (LAM) 
and aromatase (AROM). Strong expression of aromatase is evident 
in the medullary region of both left and right gonads at day 7.5 
(HH32) and is maintained through day 18.5 (HH44). An obvious 
cortex is present in the left ovary by stage 32.  b Male chick gonads 
immunostained for DMRT1 and FBN.  c Male chick gonads im-
munostained for anti-Müllerian hormone (AMH) and FBN. Im-
ages illustrate the formation of sex cords and the acquisition of 
sexually dimorphic function (AMH synthesis).  d Male chick go-
nads immunostained for DMRT1 and the germ cell marker VASA. 
Images illustrate germ cell-filled testis cords at day 18.5 (HH44). 
DMRT1 is expressed in the somatic compartment of the develop-
ing gonad at day 5.5 ( b ), and while DMRT1 is also expressed in the 
Sertoli cells at day 18.5 ( d ), expression in the later stages is pre-
dominately in the germ cells. Size of bars = 100 μm. 
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 In contrast, the left ovary becomes a fully functional 
reproductive organ similar in structure to the ovary of all 
other vertebrates: a central medulla mainly composed of 
stromal-vascular tissue and a cortex containing meiotic 
oocytes surrounded by granulosa cells and steroidogenic 
cells [DeFalco and Capel, 2009].
 Molecular Asymmetry 
 Analysis of cell growth at HH27–29 showed that the 
proliferation rate in the epithelium of the left gonad is 
higher than that found in the epithelium of the right go-
nad in both male and female embryos, while the prolif-
a
b
 Fig. 4. Distribution of germ cells in the left and right gonads of fe-
male and male chick embryos.  a ,  b Sections through female and 
male chick gonads immunostained for the germ cell marker VASA 
and stained with the nuclear marker Hoechst.  a Localisation of 
germ cells in female and male gonads at day 6.5 (HH30), day 7.5 
(HH32) and day 18.5 (HH44). In the earlier stages, greater num-
bers of germ cells are present in the left gonad than in the right 
gonad in both males and females. This asymmetric pattern of germ 
cell distribution is maintained in the later stages of embryonic de-
velopment in the female gonads (HH44), but not in the male. Im-
ages illustrate cortical distribution of germ cells in the left female 
gonad, the random distribution of germ cells in the right female 
gonad, and the presence of germ cells in a cord-like arrangement 
in both male testes.  b Higher-magnification images of areas framed 
in  a (HH44). Size of bars = 100 μm. 
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eration rate in the right and left medulla of both sexes was 
similar [Ishimaru et al., 2008]. It is possible that this dif-
ferential proliferation is due, at least partially, to steroido-
genic factor 1 (SF1). This transcription factor is expressed 
in the medulla of left and right genital ridges, but only in 
the left epithelium. The finding that SF1 up-regulates the 
expression of the cell cycle regulator cyclin D1 (CD1) and 
increases cell proliferation in the epithelium led to the 
proposal that SF1 may directly activate the  CD1 promot-
er, perhaps through interaction with β-catenin [Ishimaru 
et al., 2008] via a similar mechanism to that seen with  CD1 
activation by the  SF1 homologous gene  LRH1 [Botrugno 
et al., 2004]. However,  CD1 activation alone cannot ac-
count for ovarian asymmetry: while  CD1 activation in the 
right epithelium led to an increase in overall gonadal size, 
it was not sufficient to induce cortical differentiation 
[Ishimaru et al., 2008; Rodriguez-Leon et al., 2008].
 Cells of the gonad epithelium have also been shown to 
display an asymmetry in relation to the orientation of the 
plane of division [Rodriguez-Leon et al., 2008]. In a typi-
cal epithelial monolayer, cell division can be either per-
pendicular or parallel to the epithelial plane. With the for-
mer, both cells remain in the epithelial layer and this is 
described as a symmetrical division, while the latter may 
result in 1 daughter cell leaving the monolayer leading to 
an asymmetric division [Betschinger and Knoblich, 2004; 
Woolner and Papalopulu, 2012]. At HH27, the percent-
age of potential asymmetric cell divisions in the epitheli-
um of the left gonad is almost twice that found in the 
epithelium of the right gonad [Rodriguez-Leon et al., 
2008]. While the significance of this finding is not certain, 
it is known that symmetrical divisions result in epithelial 
growth, whereas asymmetric divisions can generate strat-
ified epithelia, and/or produce new cell types [Baena-Lo-
pez et al., 2005; Woolner and Papalopulu, 2012]. It is pos-
sible that the combination of a higher proliferation rate 
and a bias in favour of asymmetric cell division on the left 
side may contribute to the patterning of the cortex.
 Not surprisingly given the morphological differences 
between the left and right epithelia, several cell adhesion 
and extracellular matrix components have also been 
shown to display L:R asymmetry [Guioli and Lovell-
Badge, 2007; Rodriguez-Leon et al., 2008]. These include 
N-cadherin and cytoplasmic β-catenin which show dis-
tinct subcellular localisation in left and right epithelia 
from HH28 [Rodriguez-Leon et al., 2008]. Moreover, the 
basal lamina beneath the epithelium acquires a different 
structure on the left compared to the right by HH28. In-
deed it appears more discontinuous and enriched in fi-
bronectin ( fig. 2 ) [Guioli and Lovell-Badge, 2007]. Adhe-
sion properties are obviously important determinants in 
various aspects of epithelial morphogenesis, including 
spindle orientation, cell shape and cell migration, and are 
therefore potential players in the fate of left and right ep-
ithelia [Nelson, 2009; Cai and Mostov, 2012].
 In the female chick embryo, both the left and the right 
gonadal medulla synthesise estrogen from HH29–30 on-
wards, as assessed by expression of P450 aromatase (the 
enzyme that catalyses the conversion of androgens into 
estrogens) ( fig. 5 a) [Andrews et al., 1997; Nakabayashi et 
a
b
 Fig. 5. Estrogen synthesis in embryonic chick gonads.  a Graph de-
picting 17β-oestradiol synthesis in the female chick gonads be-
tween day 4.5 (HH26) and day 9.5 (HH35) of embryonic develop-
ment. Histograms represent the mean oestradiol level per gonad 
pair. Values were calculated from measurement of 17β-oestradiol 
content of 4 pools of at least 10 gonads each.  b Section through day 
7.5 (HH32) female left gonad immunostained for ERα, aromatase 
(AROM) and fibronectin (FBN), illustrating nuclear expression of 
ERα. Size of bar = 100 μm. 
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al., 1998]. This steroid hormone modulates gene tran-
scription and activates cell signalling, mostly via binding 
to estrogen receptors (ERs) [Marino et al., 2006]. The 
only ER found to be expressed in the embryonic gonad is 
ERα, and this receptor shows an asymmetric expression 
pattern as early as HH25–26 in both sexes [Andrews et al., 
1997; Nakabayashi et al., 1998]. Epithelial expression of 
ERα is detected only in the left gonad, although medullary 
expression is found in both left and right gonads. Cru-
cially, although this pattern of RNA transcription is sim-
ilar in both males and females, the translated protein dis-
plays a sexually dimorphic profile. Immunohistochemis-
try studies found conspicuous amounts of nuclear ERα 
protein reflecting the RNA pattern only in the female 
( fig. 5 b), while in the male the protein was barely detect-
able and cytoplasmic [Andrews et al., 1997; Guioli and 
Lovell-Badge, 2007]. This female-specific asymmetric 
ERα pattern was shown to persist at least up to HH39 
[Guioli and Lovell-Badge, 2007], and it coincides with the 
distribution pattern of estrogen target cells defined by ra-
dio-immuno assays [Gasc, 1980]. As estrogen is an essen-
tial element for ovarian determination in birds (see next 
chapter), ERα asymmetry may be a primary cause of the 
different fates of the left and right ovaries.
 Because both male and female gonads clearly show 
distinct L:R morphological and molecular features prior 
to the appearance of any obvious sexual differentiation, a 
number of studies focused on the signalling pathway that 
controls the L:R body axis. Following gastrulation, this 
pathway operates through a cascade of asymmetric mo-
lecular signals initiated at the node and propagated to the 
lateral plate mesoderm. The downstream target on the left 
side is the transcription factor  PITX2 [Logan et al., 1998; 
Piedra et al., 1998; Ryan et al., 1998; Gage et al., 1999]. It 
was found that this gene is expressed exclusively in the 
epithelium of the left gonad in both sexes from the time 
the gonadal primordia arise, and that this is maintained 
at least until HH39 [Guioli and Lovell-Badge, 2007]. 
When visceral organ heterotaxia was induced using the 
pharmacological compound Lindane, it was found that 
gonad situs-specific morphogenesis was also affected 
[Guioli and Lovell-Badge, 2007]. Moreover, it was shown 
that the interference of the L:R pathway is mediated via a 
direct instructive role of  PITX2 at organ level, as  PITX2 
expression in the right gonad epithelium was sufficient to 
induce the differentiation of a cortex containing meiotic 
germ cells [Guioli and Lovell-Badge, 2007] ( fig. 6 ). Two 
further studies confirmed the role of  PITX2 in conferring 
epithelial left identity [Ishimaru et al., 2008; Rodriguez-
Leon et al., 2008].
 All the L:R molecular differences identified to date 
are limited to the epithelium and are downstream of 
 PITX2 , indicating that  PITX2 directly or indirectly af-
fects multiple aspects of gonad epithelial morphogene-
sis, including the proliferation, adhesion and estrogen 
signalling properties already described [Guioli and 
Lovell-Badge, 2007; Ishimaru et al., 2008; Rodriguez-
Leon et al., 2008].
 Specific details of the molecular mechanisms by which 
PITX2 may control differentiation of the cortex are still 
poorly understood. It has been shown that components 
of RA signalling are affected by the gonadal asymmetry 
established by  PITX2 , including nuclear receptors acti-
vated upon RA binding (RARα and RXRα) and enzymes 
that are involved in the synthesis and breakdown of RA 
(RALDH2 and CYP26A1, respectively) [Ishimaru et al., 
2008]. By HH27, epithelial RARα and RXRα levels are 
higher in the right than in the left gonad suggesting that 
RA signalling is activated preferentially in the right epi-
thelium. This is supported by the fact that  RALDH2 and 
 CYP26A1 show a complementary expression pattern 
with respect to the gonadal epithelia: with  RALDH2 ex-
pressed on the right and  CYP26A1 expressed on the left. 
A series of experiments were carried out where beads 
soaked in RA were implanted in the left side of the em-
bryo. RA did not affect  PITX2 expression in the epithe-
lium of the left gonad, but it did down-regulate the ex-
pression of  ERα, SF1 and  CD1 and decreased the rate of 
proliferation in the epithelium. Conversely,  ERα, SF1 and 
 CD1 expression was stimulated in the epithelium of the 
right gonad by an RA-antagonist [Ishimaru et al., 2008]. 
The treatments had no obvious effect on medullary tissue. 
These data suggest that down-regulation of RA signalling 
within the epithelium allows the epithelium to acquire 
‘left identity’, based on the markers analysed. However, 
this study was performed only up to the widely accepted 
point of ‘gonadal sex determination’ (HH27–28); there-
fore, it is not certain that the induced ‘left identity’ would 
be maintained on the RA–ve/PITX2–ve right side, or if 
the potential loss of left identity persists on the RA+ve/
PITX2+ve left side, as the formation/maintenance of a 
proper cortex was not assessed. Interestingly, in the pe-
riod just prior to the expression of the meiotic gene 
 STRA8 and the initiation of meiosis (HH38–41), the so-
matic cells of the left cortex do express  RALDH2 and do 
not express any  CYP26 , suggesting that in chick, as in 
mammals, RA is important for the initiation of meiosis 
[Smith et al., 2008a; Yu et al., 2013]. At this stage of de-
velopment, although  PITX2 is still expressed, it is down-
regulated in comparison to earlier stages [S.G., unpubl. 
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data]. As it has been previously shown that PITX2 dosage 
affects organ morphogenesis [Kozlowski and Walter, 
2000; Liu et al., 2001], it is conceivable that the reduced 
levels of PITX2 found at HH38 may have a different effect 
on RA signalling, compared to the effect seen at earlier 
stages. However, the putative late activation of RA signal-
ling observed in the cortex suggests a more complex rela-
tionship between RA and L:R identity, and that RA sig-
nalling only needs to be temporarily downregulated in 
the epithelium at early stages of ovary development to 
allow the formation of the cortex.
 It is unclear how PITX2 might control RA signalling. 
It may be that PITX2 regulates the expression of the genes 
involved in RA metabolism, as misexpression of  PITX2 
on the right side caused down-regulation of  RALDH2 ex-
pression and misexpression of  PITX2 -engrailed on the 
left side caused upregulation of  RALDH2 expression 
[Ishimaru et al., 2008].
 It has not been established that RA signalling is the 
only primary downstream target of PITX2 activity: for 
example, a signalling molecule expressed asymmetrically 
in the epithelium of the left undifferentiated gonad, and 
a
b
c
 Fig. 6. PITX2 confers left identity to the differentiating ovary. E12–
13 (HH38–39) gonads from embryos infected in ovo with a RCAS-
PITX2a virus injected at HH8–10 in the posterior right side. Sec-
tions were analysed for the expression of the pre-meiotic/meiotic 
marker γH2AX, the epithelial somatic markers ERα, LHX9 and 
PITX2.  a E12 wild-type. The right gonad, negative for PITX2 has 
a flat epithelium positive for LHX9 but negative for ERα.  b ,  c In-
fected samples. PITX2 expression in the right gonad correlates 
with areas of cortex formation.  b The right gonad is indistinguish-
able from the left; it has a well developed cortex whose somatic cells 
are double positive for LHX9 and ERα and contains γH2AX-
positive germ cells.  c The right gonad shows discrete epithelial ar-
eas with a developed cortex LHX9-ERα positive, containing clus-
ters of meiotic germ cells; left-like areas are highlighted with a cir-
cle. L = Left gonad; R = right gonad. Size of bars = 100 μm. 
D
ow
nl
oa
de
d 
by
: 
Un
ive
rs
ity
 o
f E
di
nb
ur
gh
   
   
   
   
   
   
   
   
   
   
  
12
9.
21
5.
25
0.
95
 - 
3/
20
/2
01
4 
4:
08
:3
6 
PM
 Guioli  /Nandi  /Zhao  /Burgess-Shannon  /
Lovell-Badge  /Clinton  
 
Sex Dev
DOI: 10.1159/000358406
10
which has been shown to be PITX2-dependent, is BMP7 
[Hoshino et al., 2005; Guioli and Lovell-Badge, 2007], al-
though the impact of these findings on BMP signalling 
and on asymmetry is unclear.
 In addition, canonical WNT signalling may play a role 
in ovary development in birds. This is a major determi-
nant of ovarian fate in mammals and is regulated via com-
plex feedback interactions that include  Wnt4 and  Rspo1 
[Zaytouni et al., 2011; Tevosian, 2013]. In the chicken, as 
in the mouse, these 2 molecules are upregulated in fe-
males at the time of gonadal differentiation, suggesting a 
conserved role in ovarian differentiation. Interestingly, in 
the chick, these proteins are mostly localised within the 
developing cortex of the left ovary [Smith et al., 2008b; 
Ayers et al., 2013]. Although, as yet, there is no direct 
evidence linking WNT signalling and the functional 
asymmetry of ovarian differentiation, it is known that 
WNT signalling and PITX2 are engaged in positive feed-
back regulation in many systems [Kioussi et al., 2002;
Briata et al., 2003; Vadlamudi et al., 2005; Amen et al., 
2007; Abu-Elmagd et al., 2010; Zacharias and Gage, 2010; 
Basu and Roy, 2013].
 Finally, PITX2 may directly provide fine-tuning of 
genes involved in epithelial morphogenesis (RA sensitive 
or insensitive). Indeed  Pitx2 is a known regulator of pro-
liferation through direct activation of specific growth 
control genes [Kioussi et al., 2002; Baek et al., 2003;
Gherzi et al., 2010; Basu and Roy, 2013]. For example,
a direct effect on  CD1 by PITX2 cannot be excluded as 
PITX2 has been shown to bind the  CD1 promoter in oth-
er tissues [Baek et al., 2003]. In addition, a number of 
studies indicate that PITX2 controls genes involved in the 
reorganisation of the cytoskeleton, affecting cell spread-
ing, migration and cell-cell-adhesion [Wei and Adelstein, 
2002; Campbell et al., 2012].
 L:R Asymmetry and Sex (Gonadal) Determination 
 Our current view of gonadal sex determination is pri-
marily based on work carried out on mammalian models. 
The so-called bipotential gonad is usually envisaged as a 
domain of competition between 2 opposing influences, 
and the initial point of gonadal sex determination is ef-
fectively the time when an imbalance is created in favour 
of one system. It is thought that the cell fate decision made 
within individual somatic cells is then coordinated to pat-
tern the entire field according to the chosen pathway 
[Kim and Capel, 2006]. In general, it seems that the mol-
ecules that regulate implementation of the male and fe-
male differentiation programmes (e.g. SOX9, FOXL2) are 
conserved across vertebrates, while the primary triggers 
that initiate these programmes, are not. In mammals, the 
Y-chromosome gene  Sry acts as a trigger for the activa-
tion of  Sox9 , the master regulator of Sertoli cell differen-
tiation. Ovarian differentiation is less well understood, 
but it seems to involve more than 1 pathway acting in a 
cooperative manner, including FOXL2 and β-catenin 
regulatory networks. In the mouse, FOXL2 is only re-
quired after birth, whereas in some other mammals (e.g. 
goat) it is also essential for female sex determination [De-
Falco and Capel, 2009; Veitia, 2010; Cutting et al., 2013; 
Sekido and Lovell-Badge, 2013; Tevosian, 2013].
 In recent years it has become evident that, following 
the initial commitment to the female or male pathway, 
the gonads retain a plasticity and that even adult gonads 
may undergo extensive reprogramming upon the loss of 
key sex regulators. In the mouse,  Foxl2 /ER are required 
in the ovary to repress the male factor  Sox9 and to main-
tain female granulosa cell identity, while  Dmrt1 is re-
quired in the testis to repress  Foxl2 and to maintain testis 
identity, suggesting that the antagonism between  Foxl2 
and  Dmrt1 is critical for the stability of the gonadal sex 
[Uhlenhaut et al., 2009; Matson et al., 2011].
 In birds, it has long been established that the females 
are the heterogametic sex (ZW sex chromosomes) while 
the males are homogametic (ZZ); however, the mecha-
nism of sex determination is still poorly understood. The 
involvement of a sex-specific primary trigger akin to the 
mammalian  Sry gene [Koopman et al., 1991] would re-
quire a W-chromosome-encoded ovary-determining 
gene, but, to date, there is no evidence for the existence of 
such a factor. An alternative hypothesis proposes that the 
primary gonadal sex determination trigger is dependent 
on the level of expression of a Z-chromosome gene(s), 
with males (ZZ) having higher levels of expression than 
females (ZW) [reviewed in Clinton, 1998; Cutting et al., 
2013]. It is known that the Z-chromosome  DMRT1 gene 
is expressed at higher levels in the male gonads than in the 
female gonads, from as early as HH25 [Smith et al., 1999]. 
Moreover, it has also been shown that down-regulation 
of  DMRT1 expression in the male genital ridges in ovo 
causes a degree of testis-to-ovary transformation, indicat-
ing that DMRT1 is required for testis determination 
[Smith et al., 2009; Chue and Smith, 2011]. These findings 
support the hypothesis of a Z-chromosome dosage-based 
mechanism of sex determination in birds and suggest that 
DMRT1 plays a key role in this process. However, it re-
mains to be demonstrated that a threshold of  DMRT1 ex-
pression alone is sufficient to trigger testis differentiation 
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and so the involvement of other Z-linked (or even W-
linked) factors cannot be excluded. In this context, it has 
recently been reported that the Z-chromosome gene he-
mogen is expressed at higher levels in the left and right 
medulla of male gonads than of female gonads between 
HH28 and HH35. Overexpression of this transcription 
factor in female embryos caused decreased FOXL2/
P450arom expression and increased SOX9 expression 
compared to controls and a degree of female to male go-
nad sex reversal, suggesting that this gene could also play 
a role in testis determination [Nakata et al., 2013].
 A study generating mixed-sex chimeric chickens re-
cently demonstrated that avian cells have a cell-autono-
mous sex identity, and this could also support a dosage-
based mechanism of gonadal sex determination [Zhao et 
al., 2010; Clinton et al., 2012]. It was found that individu-
al male (ZZ) cells located in a developing ovary (ZW) were 
not incorporated into the aromatase-expressing medul-
lary cords. However, if present in sufficient number, these 
cells differentiated into Sertoli cells and initiated sex-cord 
formation. Conversely, ZW cells in a developing testis re-
sponded by initiating ovarian development and express-
ing aromatase. Clearly the ‘donor’ cells in these mixed-sex 
chimeras can correctly interpret the host developmental 
signals for gonad differentiation, but respond in a donor-
specific, cell-autonomous fashion. If the outcome of the 
developmental process that commits the gonad to a sex-
specific pathway was simply a signal that initiates  DMRT1 
expression from the Z chromosomes in both sexes, then 
male left and right medullary cells (ZZ) would automati-
cally express twice as much  DMRT1 transcript as female 
cells (ZW). Higher levels of DMRT1 could then lead to the 
expression of  SOX9 and initiate Sertoli cell differentiation. 
In chicken, the activation of  SOX9 is observed between 
HH30–31 [Oreal et al., 1998; Moniot et al., 2008] and does 
coincide with the reorganisation of the primitive cords 
within the medulla into testis cords containing most of the 
germ cells. Conversely, the lower level of DMRT1 pro-
duced from the single Z chromosome in female cells 
would result in the activation of FOXL2 in the medulla, 
possibly leading to repression of  DMRT1 and male signals 
and to the promotion of female signals, including aroma-
tase. Indeed, FOXL2 can activate the aromatase promoter 
in vitro [Pannetier et al., 2006; Wang et al., 2007; Fleming 
et al., 2010], and FOXL2 protein expression is female-spe-
cific and starts at HH28–29, just prior to the expression of 
aromatase [Govoroun et al., 2004; Pannetier et al., 2006; 
Ayers et al., 2013].
 The synthesis of gonadal estrogens around the point of 
sex determination occurs in a large number of verte-
brates, including some mammals, and for some of these 
species, it has been shown that this steroid is a major play-
er in gonadal sex determination/differentiation. In this 
respect, the chicken is no exception [Shore and Shemesh, 
1981; Scheib, 1983; Fadem and Tesoriero, 1986; Crews et 
al., 1991; Elbrecht and Smith, 1992; Matthiessen and 
Sumpter, 1998; Coveney et al., 2001; Quirke et al., 2001; 
Pieau and Dorizzi, 2004; Hudson et al., 2005; Pailhoux et 
al., 2005; Pettersson et al., 2006; Zha et al., 2008; Barske 
and Capel, 2010; Pask et al., 2010]. Indeed, using an aro-
matase inhibitor (fadrozole) to block estrogen synthesis 
in the female chick embryo leads to an up-regulation of 
 DMRT1 expression from the single Z chromosome, and 
to increased levels of SOX9 and decreased levels of FOXL2 
in left and right medulla [Smith et al., 2003; Hudson et al., 
2005]. Although fadrozole treatment almost invariably 
leads to the differentiation of a testis on the right side of 
female embryos, the fate of the left gonad is less clear-cut. 
The left gonad can present as a testis, an ovotestis or an 
ovary, presumably reflecting the effectiveness of estrogen 
inhibition. Intriguingly, on the left side it is not uncom-
mon to find embryos with a masculinised medulla juxta-
posed to a cortical structure [Vaillant et al., 2001a, b], sug-
gesting that sex-specific differentiation of medulla and 
epithelium can, to some extent, be uncoupled at the time 
of gonadal determination. This reinforces the concept 
that, unlike the situation seen in the mouse, the chick me-
dulla and epithelium are already quite distinct domains 
at the time of sex determination. Perhaps in some fadro-
zole-treated embryos, sufficient estrogen is produced to 
stimulate the initial differentiation of an ovarian cortex, 
but this is insufficient to prevent the formation of medul-
lary testis cords along the male pathway, a scenario sug-
gesting that estrogen signalling may act as both an an-
tagonist of the male pathway and a promoter of ovarian 
differentiation.
 In most vertebrates, the commitment to one sex results 
in the development of paired bilateral gonads indicating 
that, in most cases, the basic L:R asymmetry does not im-
pact on the process of gonadal sex determination and go-
nadal development. Even in birds, the epithelial L:R 
asymmetry has little effect on testes differentiation, sug-
gesting that the male pathway can either override or ig-
nore differences between the right and left epithelia. In 
contrast, morphogenesis of the germinal epithelium is a 
central event in female gonadal development, and L:R 
asymmetry is clearly critical for implementation of the 
ovarian pathway in birds.
 Our current understanding of the regulation of female 
gonadal asymmetry is summarised in  figure 7 .
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 Discussion 
 There are various asymmetrical features of gonadal de-
velopment in birds; some are present in both sexes while 
others are restricted to the female. Prior to the point of 
gonadal sex determination, 2 morphological L:R asym-
metries are common to males and females: first, a greater 
proportion of the circulating PGCs colonise the left go-
nad than the right, and second, the epithelial layer cover-
ing the left gonad is thicker than that covering the right 
gonad. After gonadal sex determination, a further asym-
metry is restricted to females: only the gonad on the left 
side develops a cortex and will mature into a fully func-
tional ovary. As regards the right ovary, we and others 
have routinely described this organ as regressing, but this 
may be somewhat misleading as it clearly increases in size 
and differentiates to the extent of generating roughly 
equivalent levels of aromatase to that produced by the left 
ovary. The 2 basic roles of an ovary are (a) to nurture and 
deliver ova, and (b) to function as an endocrine organ. 
 Fig. 7. Schematic illustrating the current understanding of asym-
metrical ovarian development in the female chick embryo. Mor-
phological changes in the developing left and right gonads. HH26: 
the epithelium is thicker in the left (in yellow) than in the right (in 
grey) gonad; the germ cells (green dots) migrating to the gonads 
localise close to the epithelium in both left and right gonad but they 
are more abundant in the left. HH30: right and left medullary cords 
(dark pink circles) start to express P450 aromatase and to produce 
estrogen; on the right, the epithelium changes polarity and the 
germ cells become scattered in the medulla; on the left, the epithe-
lium starts to stratify and most germ cells stay in the epithelium 
layer. By HH38 both left and right ovary medullary cords have be-
come vacuolated to form lacunae (dark pink open circles) and con-
tain some of the medullary germ cells; no further development is 
visible in the right ovary; the left ovary has developed a stratified 
cortex containing most germ cells committed to meiosis (black 
dots). Current model of the molecular network involved in the dif-
ferentiation of the ovarian cortex and affected by the L:R asymme-
try pathway via PITX2: In the left epithelium PITX2 promotes the 
expression of  ERα and  SF1 by blocking RA signalling (black lines). 
This is thought to result in higher proliferation of the epithelium 
and ability to respond to E2. Other signalling pathways may also 
be involved including WNT and BMP. By HH38, although  PITX2 
is still expressed, RA signalling in the cortex is active and is linked 
to  STRA8  activation and initiation of meiosis. Dotted lines indicate 
possible interactions. 
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Perhaps in birds, the left ovary performs both roles while 
the right is limited to acting as an endocrine organ during 
embryonic development.
 Although one obvious possibility is that the develop-
ment of a reproductive system with only 1 ovary and 1 
oviduct is an adaptation to flight, the evolution of this phe-
nomenon is not clear. In most instances, the ability to fly 
is clearly associated with 1 ovary/1 oviduct – for example, 
the majority of modern flying birds have only 1 ovary and 
1 oviduct, and bird fossils from the Cretaceous period [125 
million years ago (mya)] have a single ovary on the left 
side, while the non-flying dinosaur ancestors of birds had 
2 oviducts and (it is assumed) 2 ovaries [Zheng et al., 
2013]. However, in other instances this association is not 
clear-cut. Amongst the group known as the flightless birds 
(the ratites), that diverged from modern birds between 
60–100 mya [Höhn, 1947; Lofts and Murton, 1973; Coo-
per and Penny, 1997; Clarke et al., 2005; Harshman et al., 
2008] and lost the ability to fly, the kiwi has 2 ovaries while 
all the other ratites have only one [Kinsky, 1971]. Even in 
some modern birds such as certain types of birds of prey 
(e.g. Falconiformes), which appeared only around 10 mya, 
the incidence of paired ovaries is high [Gunn, 1912; Crew, 
1931; Shaw, 1938; Kinsky, 1971; Walter, 1979].
 This raises the question as to why would a single ovary/
oviduct be a useful adaptation to flight. The most popular 
theory is that this is an issue of weight – rather along the 
lines of an airline ‘baggage allowance’ – but relating to the 
ovary with its hierarchy of large maturing follicles as op-
posed to the weight of the egg [Zheng et al., 2013]. How-
ever, most birds have only a short breeding season, and 
outwith this period the ovaries are small and quiescent, 
and do not contain mature follicles. Gonadal weight 
would only be a serious issue during the breeding season 
and would also apply to males, as it is not only the single 
ovary in females but also both (internal) testes in males 
that increase dramatically in size due to the production of 
gametes [Höhn, 1947; Lofts and Murton, 1973].
 An alternative theory to account for the adoption of a 
single ovary/oviduct system relates to the fragility of the 
egg during the final stage of development. Between ovula-
tion and lay, the ovum spends around a day in the oviduct 
acquiring an eggshell. During this period, the egg is clear-
ly susceptible to physical damage, and it has been sug-
gested that the simultaneous presence of 2 or more shelled 
eggs in close proximity within the abdomen would lead 
to a reduction in survival rate [Walter, 1979]. Perhaps this 
susceptibility to damage led to birds adopting a reproduc-
tive system with a single oviduct and this in turn led to the 
retention of only 1 ovary – in a system with 1 oviduct and 
2 ovaries, the production of mature follicles would have 
to be very tightly coordinated. It is noteworthy that even 
birds with paired ovaries tend to have only 1 oviduct, typ-
ically on the left [Kinsky, 1971]. Of course, the evolution 
of the shelled egg containing all the materials necessary 
for complete embryonic development requires that very 
large ova are produced, and so perhaps it is a combination 
of space restrictions and egg fragility that led to the devel-
opment of a single ovary/oviduct system in (most) birds, 
rather than a question of weight. In this context, it is in-
teresting to note that another egg-laying (non-flying) an-
imal, the platypus, also has only a single functional ovary 
on the left side [Grützner et al., 2008].
 The final question concerns the relationship between 
the formation of 1 ovary on the left side and the basic sys-
tem of L:R patterning in vertebrates. It is possible that, in 
the majority of vertebrates, L:R patterning inhibits ovary 
development on the right side and/or promotes ovary de-
velopment only on the left side, and that this asymmetry 
is repressed to generate paired ovaries – along the lines 
reported to allow bilateral somite development [Vermot 
and Pourquie, 2005; Duester, 2007]. An alternative pos-
sibility is that the basic L:R patterning system imposes 
only minor difference between the gonads in all verte-
brates, and that most birds have an additional mechanism 
to promote ovary development on the left side and/or in-
hibit ovary development on the right side. This could 
again involve RA signalling as discussed.
 The question remains unresolved and further func-
tional studies on the role of the epithelial molecular asym-
metries are required. The analysis of  PITX2 expression 
and RA signalling in the birds with a high incidence of 2 
ovaries would be particularly informative. This should es-
tablish the point in the cascade of events in gonad devel-
opment where asymmetry is overcome in birds with 
paired ovaries, and potentially shed new light on how the 
basic L:R asymmetry pathway intersects with ovarian dif-
ferentiation. 
 Acknowledgement 
The authors are grateful to Prof. M.A. Hattori for kindly pro-
viding VASA antibody, Prof. G.L. Greene for ER antibody, and 
Prof. T.M. Jessel for LHX9 antibody. S.N. and D.Z. are supported 
by the Biotechnology and Biological Sciences Research Council 
(BBSRC) [grant number: BB/H012486/1]. S.G. and R.L.-B. are 
funded by the UK Medical Research Council (U117512772). The 
Roslin Institute receives Institute Strategic Grant funding from the 
BBSRC (M.C.).
D
ow
nl
oa
de
d 
by
: 
Un
ive
rs
ity
 o
f E
di
nb
ur
gh
   
   
   
   
   
   
   
   
   
   
  
12
9.
21
5.
25
0.
95
 - 
3/
20
/2
01
4 
4:
08
:3
6 
PM
 Guioli  /Nandi  /Zhao  /Burgess-Shannon  /
Lovell-Badge  /Clinton  
 
Sex Dev
DOI: 10.1159/000358406
14
 References 
 Abu-Elmagd M, Robson L, Sweetman D, Hadley 
J, Francis-West P, Munsterberg A: Wnt/Lef1 
signaling acts via Pitx2 to regulate somite 
myogenesis. Dev Biol 337: 211–219 (2010). 
 Amen M, Liu X, Vadlamudi U, Elizondo G, Dia-
mond E, et al: PITX2 and beta-catenin inter-
actions regulate Lef-1 isoform expression. 
Mol Cell Biol 27: 7560–7573 (2007). 
 Andrews JE, Smith CA, Sinclair AH: Sites of es-
trogen receptor and aromatase expression in 
the chicken embryo. Gen Comp Endocrinol 
108: 182–190 (1997). 
 Ayers K, Sinclair A, Smith C: The molecular ge-
netics of ovarian differentiation in the avian 
model. Sex Dev 7: 80–94 (2013). 
 Baek SH, Kioussi C, Briata P, Wang D, Nguyen 
HD, et al: Regulated subset of G1 growth-con-
trol genes in response to derepression by the 
Wnt pathway. Proc Natl Acad Sci USA 100: 
 3245–3250 (2003). 
 Baena-Lopez LA, Baonza A, Garcia-Bellido A: 
The orientation of cell divisions determines 
the shape of  Drosophila organs. Curr Biol 15: 
 1640–1644 (2005). 
 Baillie AH, Ferguson MM, Hart DM: Develop-
ments in Steroid Histochemistry (Academic 
Press, New York 1966). 
 Barske LA, Capel B: Estrogen represses SOX9 
during sex determination in the red-eared 
slider turtle  Trachemys scripta . Dev Biol 341: 
 305–314 (2010). 
 Basu M, Roy SS: Wnt/beta-catenin pathway is 
regulated by PITX2 homeodomain protein 
and thus contributes to the proliferation of 
human ovarian adenocarcinoma cell, SKOV-
3. J Biol Chem 288: 4355–4367 (2013). 
 Bergeaud Y, Fargeix N, Didier E: Establishing of 
an asymmetry index in the germ cell distribu-
tion between the genital ridges in the Hub-
bard chick embryo [in French]. Arch Anat 
Microsc Morphol Exp 66: 279–289 (1977). 
 Betschinger J, Knoblich JA: Dare to be different: 
asymmetric cell division in  Drosophila, C.
elegans and vertebrates. Curr Biol 14:R674–
R685 (2004). 
 Botrugno OA, Fayard E, Annicotte JS, Haby C, 
Brennan T, et al: Synergy between LRH-1 and 
beta-catenin induces G1 cyclin-mediated cell 
proliferation. Mol Cell 15: 499–509 (2004). 
 Briata P, Ilengo C, Corte G, Moroni C, Rosenfeld 
MG, et al: The Wnt/beta-catenin → Pitx2 
pathway controls the turnover of Pitx2 and 
other unstable mRNAs. Mol Cell 12: 1201–
1211 (2003). 
 Cai L, Mostov KE: Cell height: Tao rising. J Cell 
Biol 199: 1023–1024 (2012). 
 Campbell AL, Eng D, Gross MK, Kioussi C: Pre-
diction of gene network models in limb mus-
cle precursors. Gene 509: 16–23 (2012). 
 Carlon N, Stahl A: Origin of the somatic compo-
nents in chick embryonic gonads. Arch Anat 
Microsc Morphol Exp 74: 52–59 (1985). 
 Chue J, Smith CA: Sex determination and sexual 
differentiation in the avian model. FEBS J 278: 
 1027–1034 (2011). 
 Clarke JA, Tambussi CP, Noriega JI, Erickson 
GM, Ketcham RA: Definitive fossil evidence 
for the extant avian radiation in the Creta-
ceous. Nature 433: 305–308 (2005). 
 Clinton M: Sex determination and gonadal devel-
opment: a bird’s eye view. J Exp Zool 281: 457–
465 (1998). 
 Clinton M, Zhao D, Nandi S, McBride D: Evi-
dence for avian cell autonomous sex identity 
(CASI) and implications for the sex-determi-
nation process? Chromosome Res 20: 177–
190 (2012). 
 Cooper A, Penny D: Mass survival of birds across 
the Cretaceous-Tertiary boundary: molecular 
evidence. Science 275: 1109–1113 (1997). 
 Coveney D, Shaw G, Renfree MB: Estrogen-in-
duced gonadal sex reversal in the tammar wal-
laby. Biol Reprod 65: 613–621 (2001). 
 Crew FA: Paired oviducts in the fowl. J Anat 66: 
 100–103 (1931). 
 Crews D, Bull JJ, Wibbels T: Estrogen and sex re-
versal in turtles – a dose-dependent phenom-
enon. Gen Comp Endocrinol 81: 357–364 
(1991). 
 Cutting A, Chue J, Smith CA: Just how conserved 
is vertebrate sex determination? Dev Dyn 242: 
 380–387 (2013). 
 DeFalco T, Capel B: Gonad morphogenesis in 
vertebrates: divergent means to a convergent 
end. Annu Rev Cell Dev Biol 25: 457–482 
(2009). 
 Didier E, Fargeix N: Quantitative aspects of the 
colonization of the gonads by germ cells in the 
quail embryo  (Coturnix coturnix japonica)  [in 
French]. J Embryol Exp Morphol 35: 637–648 
(1976). 
 Dubois R: The colonization of the gonadal region 
by the germ cells of the chick embryo in vitro 
culture [in French]. J Embryol Exp Morphol 
20: 189–213 (1968). 
 Dubois R, Cuminge D: Statistical study of the pri-
mary asymmetry in primordial germ cells dis-
tribution in the chick embryo [in French]. C 
R Acad Sci Hebd Seances Acad Sci D 286: 
 1613–1616 (1978). 
 Duester G: Retinoic acid regulation of the somi-
togenesis clock. Birth Defects Res C Embryo 
Today 81: 84–92 (2007). 
 Elbrecht A, Smith RG: Aromatase enzyme-activ-
ity and sex determination in chickens. Science 
255: 467–470 (1992). 
 Fadem BH, Tesoriero JV: Inhibition of testicular 
development and feminization of the male 
genitalia by neonatal estrogen treatment in a 
marsupial. Biol Reprod 34: 771–776 (1986). 
 Fleming NI, Knower KC, Lazarus KA, Fuller PJ, 
Simpson ER, Clyne CD: Aromatase is a direct 
target of FOXL2: C134W in granulosa cell tu-
mors via a single highly conserved binding 
site in the ovarian specific promoter. PLoS 
One 5:e14389 (2010). 
 Gage PJ, Suh H, Camper SA: Dosage requirement 
of  Pitx2 for development of multiple organs. 
Development 126: 4643–4651 (1999). 
 Gasc JM: Estrogen target cells in gonads of the 
chicken embryo during sexual differentiation. 
J Embryol Exp Morphol 55: 331–342 (1980). 
 Gherzi R, Trabucchi M, Ponassi M, Gallouzi IE, 
Rosenfeld MG, Briata P: Akt2-mediated 
phosphorylation of Pitx2 controls Ccnd1 
mRNA decay during muscle cell differentia-
tion. Cell Death Differ 17: 975–983 (2010). 
 Gonzalez-Moran MG: Histological and stereo-
logical changes in growing and regressing 
chicken ovaries during development. Anat 
Rec (Hoboken) 294: 893–904 (2011). 
 Govoroun MS, Pannetier M, Pailhoux E, Cocquet 
J, Brillard JP, et al: Isolation of chicken homo-
log of the  FOXL2 gene and comparison of its 
expression patterns with those of aromatase 
during ovarian development. Dev Dyn 231: 
 859–870 (2004). 
 Groenendijk-Huijbers MM: The right ovary of 
the chick embryo after early sinistral castra-
tion. Anat Rec 153: 93–99 (1965). 
 Groenendijk-Huijbers MM: Experimental stud-
ies concerning the compensatory growth of 
the rudimentary right ovary of sinistrally cas-
trated chick embryos. Verh Anat Ges 62: 321–
325 (1967). 
 Grützner F, Nixon B, Jones RC: Reproductive bi-
ology in egg-laying mammals. Sex Dev 2: 115–
127 (2008). 
 Guioli S, Lovell-Badge R: PITX2 controls asym-
metric gonadal development in both sexes of 
the chick and can rescue the degeneration of 
the right ovary. Development 134: 4199–4208 
(2007). 
 Gunn TE: On the presence of two ovaries in cer-
tain British birds, more especially the Falco-
nidae. Proc Zool Soc Lond 82: 63–79 (1912). 
 Hamburger V, Hamilton HL: A series of normal 
stages in the development of the chick em-
bryo. J Morphol 88: 49–92 (1951). 
 Harshman J, Braun EL, Braun MJ, Huddleston 
CJ, Bowie RC, et al: Phylogenomic evidence 
for multiple losses of flight in ratite birds. Proc 
Natl Acad Sci USA 105: 13462–13467 (2008). 
 Höhn EO: Sexual behaviour and seasonal changes 
in the gonads and adrenals of the mallard. 
Proc Zool Soc London 117: 281–304 (1947). 
 Hoshino A, Koide M, Ono T, Yasugi S: Sex-spe-
cific and left-right asymmetric expression 
pattern of  Bmp7 in the gonad of normal and 
sex-reversed chicken embryos. Dev Growth 
Differ 47: 65–74 (2005). 
 Hudson QJ, Smith CA, Sinclair AH: Aromatase 
inhibition reduces expression of  FOXL2 in the 
embryonic chicken ovary. Dev Dyn 233: 
 1052–1055 (2005). 
 Hughes GC: The population of germ cells in the 
developing female chick. J Embryol Exp Mor-
phol 11: 513–536 (1963). 
 Intarapat S, Stern CD: Sexually dimorphic and sex-
independent left-right asymmetries in chicken 
embryonic gonads. PloS One 8:e69893 (2013). 
D
ow
nl
oa
de
d 
by
: 
Un
ive
rs
ity
 o
f E
di
nb
ur
gh
   
   
   
   
   
   
   
   
   
   
  
12
9.
21
5.
25
0.
95
 - 
3/
20
/2
01
4 
4:
08
:3
6 
PM
 Gonadal Asymmetry and Sex 
Determination in Birds 
Sex Dev
DOI: 10.1159/000358406
15
 Ishimaru Y, Komatsu T, Kasahara M, Katoh-Fu-
kui Y, Ogawa H, et al: Mechanism of asym-
metric ovarian development in chick embry-
os. Development 135: 677–685 (2008). 
 Kim Y, Capel B: Balancing the bipotential gonad 
between alternative organ fates: a new per-
spective on an old problem. Dev Dyn 235: 
 2292–2300 (2006). 
 Kinsky FC: The consistent presence of paired ova-
ries in the Kiwi  (Apteryx) with some discus-
sion of this condition in other birds. J Orni-
thol 112: 334–357 (1971). 
 Kioussi C, Briata P, Baek SH, Rose DW, Hamblet 
NS, et al: Identification of a Wnt/Dvl/β-
Catenin  → Pitx2 pathway mediating cell-
type-specific proliferation during develop-
ment. Cell 111: 673–685 (2002). 
 Koopman P, Gubbay J, Vivian N, Goodfellow P, 
Lovell-Badge R: Male development of chro-
mosomally female mice transgenic for  Sry . 
Nature 351: 117–121 (1991). 
 Kozlowski K, Walter MA: Variation in residual 
PITX2 activity underlies the phenotypic spec-
trum of anterior segment developmental dis-
orders. Hum Mol Genet 9: 2131–2139 (2000). 
 Levin M: Left-right asymmetry in embryonic de-
velopment: a comprehensive review. Mech 
Dev 122: 3–25 (2005). 
 Liu C, Liu W, Lu MF, Brown NA, Martin JF: Reg-
ulation of left-right asymmetry by thresholds 
of Pitx2c activity. Development 128: 2039–
2048 (2001). 
 Lofts B, Murton RK: Reproduction in birds, in 
Farner DS, King JR (eds): Avian Biology , pp 
1–107 (Academic Press, New York 1973). 
 Logan M, Pagan-Westphal SM, Smith DM, Paga-
nessi L, Tabin CJ: The transcription factor 
Pitx2 mediates situs-specific morphogenesis 
in response to left-right asymmetric signals. 
Cell 94: 307–317 (1998). 
 Marino M, Galluzzo P, Ascenzi P: Estrogen sig-
naling multiple pathways to impact gene tran-
scription. Curr Genomics 7: 497–508 (2006). 
 Matson CK, Murphy MW, Sarver AL, Griswold 
MD, Bardwell VJ, Zarkower D: DMRT1 pre-
vents female reprogramming in the postnatal 
mammalian testis. Nature 477:  101–104 
(2011). 
 Matthiessen P, Sumpter JP: Effects of estrogenic 
substances in the aquatic environment. EXS 
86: 319–335 (1998). 
 Merchant-Larios H, Popova L, Reyss-Brion M: 
Early morphogenesis of chick gonad in the 
absence of mesonephros. Dev Growth Differ 
26: 403–417 (1984). 
 Molyneaux KA, Zinszner H, Kunwar PS, Schaible 
K, Stebler J, et al: The chemokine SDF1/
CXCL12 and its receptor CXCR4 regulate 
mouse germ cell migration and survival. De-
velopment 130: 4279–4286 (2003). 
 Moniot B, Boizet-Bonhoure B, Poulat F: Male 
specific expression of lipocalin-type prosta-
glandin D synthase (cPTGDS) during chicken 
gonadal differentiation: relationship with 
cSOX9. Sex Dev 2: 96–103 (2008). 
 Nakabayashi O, Kikuchi H, Kikuchi T, Mizuno S: 
Differential expression of genes for aromatase 
and estrogen receptor during the gonadal de-
velopment in chicken embryos. J Mol Endo-
crinol 20: 193–202 (1998). 
 Nakamura Y, Yamamoto Y, Usui F, Mushika T, 
Ono T, et al: Migration and proliferation of 
primordial germ cells in the early chicken em-
bryo. Poultry Sci 86: 2182–2193 (2007). 
 Nakata T, Ishiguro M, Aduma N, Izumi H, Ku-
roiwa A: Chicken hemogen homolog is in-
volved in the chicken-specific sex-determin-
ing mechanism. Proc Natl Acad Sci USA 110: 
 3417–3422 (2013). 
 Narbaitz R, Kolodny L: Delta-5-3-beta-hydroxy-
steroid dehydrogenase in differentiating 
chick gonads. Z Zellforsch Mikrosk Anat 63: 
 612–617 (1964). 
 Nelson WJ: Remodeling epithelial cell organiza-
tion: transitions between front-rear and api-
cal-basal polarity. Cold Spring Harb Perspect 
Biol 1:a000513 (2009). 
 Oreal E, Pieau C, Mattei MG, Josso N, Picard JY, 
et al: Early expression of  AMH in chicken em-
bryonic gonads precedes testicular  SOX9 ex-
pression. Dev Dyn 212: 522–532 (1998). 
 Pailhoux E, Vigier B, Schibler L, Cribiu EP, Coti-
not C, Vaiman D: Positional cloning of the 
PIS mutation in goats and its impact on un-
derstanding mammalian sex-differentiation. 
Genet Sel Evol 37:S55–S64 (2005). 
 Pannetier M, Fabre S, Batista F, Kocer A, Renault 
L, et al: FOXL2 activates P450 aromatase gene 
transcription: towards a better characteriza-
tion of the early steps of mammalian ovarian 
development. J Mol Endocrinol 36: 399–413 
(2006). 
 Pask AJ, Calatayud NE, Shaw G, Wood WM, Ren-
free MB: Oestrogen blocks the nuclear entry 
of SOX9 in the developing gonad of a marsu-
pial mammal. BMC Biol 8: 113 (2010). 
 Pettersson I, Arukwe A, Lundstedt-Enkel K, 
Mortensen AS, Berg C: Persistent sex-reversal 
and oviducal agenesis in adult  Xenopus (Silu-
rana) tropicalis frogs following larval expo-
sure to the environmental pollutant ethynyl-
estradiol. Aquat Toxicol 79: 356–365 (2006). 
 Pieau C, Dorizzi M: Oestrogens and temperature-
dependent sex determination in reptiles: all is 
in the gonads. J Endocrinol 181: 367–377 
(2004). 
 Piedra ME, Icardo JM, Albajar M, Rodriguez-Rey 
JC, Ros MA: Pitx2 participates in the late 
phase of the pathway controlling left-right 
asymmetry. Cell 94: 319–324 (1998). 
 Quirke LD, Juengel JL, Tisdall DJ, Lun S, Heath 
DA, McNatty KP: Ontogeny of steroidogen-
esis in the fetal sheep gonad. Biol Reprod 65: 
 216–228 (2001). 
 Raya A, Izpisua Belmonte JC: Left-right asymme-
try in the vertebrate embryo: from early infor-
mation to higher-level integration. Nat Rev 
Genet 7: 283–293 (2006). 
 Rodemer-Lenz E: On cell contribution to gonadal 
soma formation in quail-chick chimeras dur-
ing the indifferent stage of gonadal develop-
ment. Anat Embryol (Berl) 179: 237–242 (1989). 
 Rodriguez-Leon J, Rodriguez EC, Marti M, San-
tiago-Josefat B, Dubova I, et al: Pitx2 regulates 
gonad morphogenesis. Proc Natl Acad Sci 
USA 105: 11242–11247 (2008). 
 Romanoff AL: The Avian Embryo (Macmillan, 
New York 1960). 
 Ryan AK, Blumberg B, Rodriguez-Esteban C, Yo-
nei-Tamura S, Tamura K, et al: Pitx2 deter-
mines left-right asymmetry of internal organs 
in vertebrates. Nature 394: 545–551 (1998). 
 Samar ME, Avila RE, Defabro SP: Cytochemical 
study of the ovary cells in the chick-embryo. 
Folia Histochem Cytochem 21:  173–180 
(1983). 
 Scheib D: Effects and role of estrogens in avian 
gonadal differentiation. Differentiation 
23(suppl):S87–S92 (1983). 
 Sekido R, Lovell-Badge R: Mechanisms of gonad-
al morphogenesis are not conserved between 
chick and mouse. Dev Biol 302:  132–142 
(2007). 
 Sekido R, Lovell-Badge R: Genetic control of testis 
development. Sex Dev 7: 21–32 (2013). 
 Shaw TH: Double ovaries in some Chinese birds 
of prey. Nature 142: 1079 (1938). 
 Shore L, Shemesh M: Altered steroidogenesis by 
the fetal bovine freemartin ovary. J Reprod 
Fertil 63: 309–314 (1981). 
 Smith CA, McClive PJ, Western PS, Reed KJ, Sin-
clair AH: Conservation of a sex-determining 
gene. Nature 402: 601–602 (1999). 
 Smith CA, Katz M, Sinclair AH: DMRT1 is up-
regulated in the gonads during female-to-
male sex reversal in ZW chicken embryos. 
Biol Reprod 68: 560–570 (2003). 
 Smith CA, Roeszler KN, Bowles J, Koopman P, 
Sinclair AH: Onset of meiosis in the chicken 
embryo; evidence of a role for retinoic acid. 
BMC Dev Biol 8: 85 (2008a). 
 Smith CA, Shoemaker CM, Roeszler KN, Queen 
J, Crews D, Sinclair AH: Cloning and expres-
sion of R-Spondin1 in different vertebrates 
suggests a conserved role in ovarian develop-
ment. BMC Dev Biol 8: 72 (2008b). 
 Smith CA, Roeszler KN, Ohnesorg T, Cummins 
DM, Farlie PG, et al: The avian Z-linked gene 
 DMRT1 is required for male sex determina-
tion in the chicken. Nature 461: 267–271 
(2009). 
 Stahl A, Carlon N: Morphogenesis of the sex 
cords and the significance of the medullary 
zone of the gonad in the chick embryo [in 
French]. Acta Anat (Basel) 85:  248–274 
(1973). 
 Stebler J, Spieler D, Slanchev K, Molyneaux KA, 
Richter U, et al: Primordial germ cell migra-
tion in the chick and mouse embryo: the role 
of the chemokine SDF-1/CXCL12. Dev Biol 
272: 351–361 (2004). 
 Swift CH: Origin of the definitive sex-cells in the 
female chicken and their relation to the pri-
mordial germ-cells. Am J Anat 18: 441–470 
(1915). 
 Tevosian SG: Genetic control of ovarian develop-
ment. Sex Dev 7: 33–45 (2013). 
D
ow
nl
oa
de
d 
by
: 
Un
ive
rs
ity
 o
f E
di
nb
ur
gh
   
   
   
   
   
   
   
   
   
   
  
12
9.
21
5.
25
0.
95
 - 
3/
20
/2
01
4 
4:
08
:3
6 
PM
 Guioli  /Nandi  /Zhao  /Burgess-Shannon  /
Lovell-Badge  /Clinton  
 
Sex Dev
DOI: 10.1159/000358406
16
 Uhlenhaut NH, Jakob S, Anlag K, Eisenberger T, 
Sekido R, et al: Somatic sex reprogramming of 
adult ovaries to testes by FOXL2 ablation. Cell 
139: 1130–1142 (2009). 
 Ukeshima A: Abandonment of germ cells in the 
embryonic chick ovary: TEM and SEM stud-
ies. Anat Rec 240: 261–266 (1994). 
 Ukeshima A: Germ cell death in the degenerating 
right ovary of the chick embryo. Zoolog Sci 
13: 559–563 (1996). 
 Ukeshima A, Fujimoto T: A fine morphological 
study of germ cells in asymmetrically devel-
oping right and left ovaries of the chick. Anat 
Rec 230: 378–386 (1991). 
 Vadlamudi U, Espinoza HM, Ganga M, Martin 
DM, Liu XM, et al: PITX2, beta-catenin and 
LEF-1 interact to synergistically regulate the 
LEF-1 promoter. J Cell Sci 118: 1129–1137 
(2005). 
 Vaillant S, Dorizzi M, Pieau C, Richard-Mercier 
N: Sex reversal and aromatase in chicken. J 
Exp Zool 290: 727–740 (2001a). 
 Vaillant S, Magre S, Dorizzi M, Pieau C, Richard-
Mercier N: Expression of  AMH, SF1 , and 
 SOX9 in gonads of genetic female chickens 
during sex reversal induced by an aromatase 
inhibitor. Dev Dyn 222: 228–237 (2001b). 
 Vandenberg LN, Levin M: A unified model for 
left-right asymmetry? Comparison and syn-
thesis of molecular models of embryonic lat-
erality. Dev Biol 379: 1–15 (2013). 
 Van Limborgh J: The first sign of sexual differen-
tiation of the gonads in chick embryos [in 
French]. Arch Anat Microsc Morphol Exp 57: 
 79–90 (1968). 
 Veitia RA: FOXL2 versus SOX9: a lifelong ‘battle 
of the sexes’. Bioessays 32: 375–380 (2010). 
 Vermot J, Pourquie O: Retinoic acid coordinates 
somitogenesis and left-right patterning in 
vertebrate embryos. Nature 435:  215–220 
(2005). 
 Vilhais-Neto GC, Maruhashi M, Smith KT, Vas-
seur-Cognet M, Peterson AS, et al: Rere con-
trols retinoic acid signalling and somite bilat-
eral symmetry. Nature 463: 953–957 (2010). 
 Walter H: Eleonora’s Falcon: Adaptations to Prey 
and Habitat in a Social Raptor (University of 
Chicago Press, Chicago 1979). 
 Wang DS, Kobayashi T, Zhou LY, Paul-Prasanth 
B, Ijiri S, et al: Foxl2 up-regulates aromatase 
gene transcription in a female-specific man-
ner by binding to the promoter as well as in-
teracting with Ad4 binding protein/steroido-
genic factor 1. Mol Endocrinol 21: 712–725 
(2007). 
 Wei Q, Adelstein RS: Pitx2a expression alters ac-
tin-myosin cytoskeleton and migration of 
HeLa cells through Rho GTPase signaling. 
Mol Biol Cell 13: 683–697 (2002). 
 Witschi E: Origin of asymmetry in the reproduc-
tive system of birds. Am J Anat 56: 119–141 
(1935). 
 Wolpert L: Development of the asymmetric hu-
man. European Rev 13(suppl 3): 97–103 (2005). 
 Woolner S, Papalopulu N: Spindle position in 
symmetric cell divisions during epiboly is 
controlled by opposing and dynamic apico-
basal forces. Dev Cell 22: 775–787 (2012). 
 Yu M, Yu P, Leghari IH, Ge C, Mi Y, Zhang C: 
RALDH2, the enzyme for retinoic acid syn-
thesis, mediates meiosis initiation in germ 
cells of the female embryonic chickens. Ami-
no Acids 44: 405–412 (2013). 
 Zacharias AL, Gage PJ: Canonical Wnt/beta-
catenin signaling is required for maintenance 
but not activation of Pitx2 expression in neu-
ral crest during eye development. Dev Dyn 
239: 3215–3225 (2010). 
 Zaytouni T, Efimenko EE, Tevosian SG: GATA 
transcription factors in the developing repro-
ductive system. Adv Genet 76: 93–134 (2011). 
 Zha J, Sun L, Spear PA, Wang Z: Comparison of 
ethinylestradiol and nonylphenol effects on 
reproduction of Chinese rare minnows 
 (Gobiocypris rarus) . Ecotoxicol Environ Saf 
71: 390–399 (2008). 
 Zhao D, McBride D, Nandi S, McQueen HA, Mc-
Grew MJ, et al: Somatic sex identity is cell au-
tonomous in the chicken. Nature 464: 237–
242 (2010). 
 Zheng X, O’Connor J, Huchzermeyer F, Wang X, 
Wang Y, et al: Preservation of ovarian follicles 
reveals early evolution of avian reproductive 
behaviour. Nature 495: 507–511 (2013). 
 
D
ow
nl
oa
de
d 
by
: 
Un
ive
rs
ity
 o
f E
di
nb
ur
gh
   
   
   
   
   
   
   
   
   
   
  
12
9.
21
5.
25
0.
95
 - 
3/
20
/2
01
4 
4:
08
:3
6 
PM
